This journal is Based on low cost and rich resources, sodium-ion batteries have been regarded as a promising candidate for the next generation energy storage batteries in large-scale energy application for renewable energy and smart grid. However, there are some critical drawbacks limiting its application, such as safety and stability problems. In this work, a stable symmetric sodium-ion battery based on bipolar active material O3-type Na0.8Ni0.4Ti0.6O2 is developed. This bipolar material shows a typical O3-type layered structure, containing two electrochemically active transition metals with redox couples of Ni 4+ /Ni 2+ and Ti 4+ /Ti 3+ , respectively. This Na0.8Ni0.4Ti0.6O2-based symmetric cell exhibits a high voltage of 2.8 V, a reversible discharge capacity of 85 mAh g -1 , 75% capacity retention after 150 cycles and good rate capability. This full symmetric cell will greatly contribute to the development of room-temperature sodium-ion batteries towards safety, low cost, long life, and will stimulate further research on symmetric cells using the same active materials as both cathode and anode.
Introduction
Due to the increasing concerns about fossil fuels depletion, renewable energy such as wind and solar power has been widely developed in the modern electrical grid. 1, 2 However, renewable energy is intermittent, and it needs to be balanced and integrated into the grid smoothly and safely. To smooth out its variation over time, low-cost electrical energy storage (EES) becomes extremely necessary. Electrochemical batteries can efficiently store and release electricity in chemicals, showing the most promising in stationary applications for EES. 3 Although lithium ion batteries (LIBs) have been considered for electrical grid storage, [4] [5] [6] [7] [8] [9] their limited availability and increasing cost with worldwide commercialization cannot satisfy the substantial demand. Nevertheless, sodium possessing the similar physical and chemical properties with lithium has almost infinite supply, and has attracted great attentions to develop room-temperature sodium-ion batteries (SIBs). [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Great efforts have been made in the design of SIBs with high efficiency.
Layered oxide compounds (Na2/3Ni1/3Ti2/3O2, Na2/3Fe1/2Mn1/2O2, Na0.85Li0.17Ni0.21Mn0.64O2) 12, 20, 21 polyanion compounds (Na3V2(PO4)3, Na1.5VPO4.8F0.7, Na7V4(P2O7)4PO4), [22] [23] [24] [25] Prussian blue 18, 26, 27 and carbon compounds (graphite, hard carbon) 28, 29 have been extensively investigated, and computational techniques have also been applied recently to a variety of sodium-based compounds. [30] [31] [32] Most of the full sodium cells are non-symmetric, consisting of layered NaTMO2 (where the transition metal (TM) is the element of V, Cr, Mn, Fe, Co and Ni) cathode [33] [34] [35] [36] [37] [38] [39] [40] and carbon/sodium metal anode 29, 41, 42 as sodium ions "stocking chair" reaction components 43 . However, potential safety concerns on carbon materials (especially hard carbon) with possible thermal runaway are noticed because their voltage plateau related with most capacity is too close to the sodium plating voltage. This kind of SIBs system cannot support the requirement of long life and safety of large-scale energy storage devices, therefore development of new sodium storage system is necessary. 44, 45 Recently, the full symmetric vanadium or titanium-based SIBs in terms of two TM 4+ /TM 3+ and TM 3+ /TM 2+ redox couples in Na3TM2(PO4)3 (TM = Ti or V) with NASICON structure have been proposed. [46] [47] [48] These symmetric SIBs are very attractive and promising from a commercial standpoint, cathode and anode with the same active materials can enable cells overcharging to some extent, buffer the large volume expansion (cathode expanding accompanied by anode shrinking, and vice versa), greatly reduce the manufacturing costs and simplify the fabrication process. 49, 50 Although, their cycle instability (only few cycles can be conducted) and low energy density (low average potential of 1.7 V) of current developed symmetric SIBs are insufficient for long-term operation in EES, preventing the further application of symmetric cells. Hence, developing bipolar materials with good cycle performance to build safe, inexpensive and long-life full symmetric SIBs is a great challenge.
In the past studies, NaNiO2 and NaTiO2 layered oxide can serve as cathode and anode materials of SIBs through the redox of nickel and titanium, respectively. However, complex phase transformation with evident step-like character 38, 51 in NaNiO2 material exists during their desodiation and sodiation, 52 and also the layered O3-type NaxTiO2 is not stable for the Ti 3+ chemical environment. 39, 44 Our recent studies have clearly confirmed that solid-solution of NaTMO2 and NaTiO2 layered oxides can well improve the comprehensive electrochemical performance, especially on the cycle capability. 53, 54 Considering the similar ionic radius of nickel and titanium, we designed and synthesized the solid-solution material of O3-type Na0.8Ni0.4Ti0.6O2 without impurities, and the 'golden pair' of nickel and titanium not only greatly stabilize each other in the sodium electrochemical processes, but also exhibit the unique double redox couples of Ni 4+ /Ni 2+ (3.5 V) and Ti 4+ /Ti 3+ (0.7 V). These advantages of this bipolar material are used to implement a novel symmetric SIB. This cell exhibits a reversible discharge capacity of 85 mAh g -1 with the average voltage of 2.8 V. It also presents a superior long life exceeding 150 cycles with capacity retention of 75%. Figure 1a shows the schematic of proposed sodium-ion batteries, and the brown, yellow and green parts represent anode, electrolyte and cathode, respectively. In the traditional SIBs, the cathode is different from the anode to generate a certain voltage gap and supply an applicable energy density. Herein, we use the "unique" electrode of O3-type Na0.8Ni0.4Ti0.6O2 simultaneously as cathode and anode. This novel design ensures the safety, is more tolerant of overcharge, reduces the comprehensive cost and makes cell recycling more convenient. 49, 50 Figure 1b is a schematic of energy vs. density of states plot, showing the relative position of the Fermi energy level of Ni 4+ /Ni 2+ (Ni 4+ /Ni 3+ and Ni 3+ /Ni 2+ ) and Ti 4+ /Ti 3+ redox couples for O3-type Na0.8Ni0.4Ti0.6O2. 5 To illustrate these redox couple, the CV curve with a wide voltage range of 0-4 V in the half cell of Na0.8Ni0.4Ti0.6O2/Na is carried out in the right of Figure 1c . It is clear that two distinct redox peaks of around 3.6/3.5 V and 0.95/0.7 V are observed, surprisingly there is a large potential difference between the two redox couples. Bivalence of nickel and tetravalence of titanium are further validated from their potentials vs. Na, 5, 44 which is also used to fabricate series of materials with different compositions. 55, 56 The results indicate that two elements (Ni and Ti) of the same materials can be simultaneously oxidized and reduced in an electrochemical process, and simulate us to develop a novel symmetric SIB. The background of Figure 1c depicts that our novel symmetric cells after charge to 3.8 V vs. Na + /Na successfully light 2 LED lamps.
Results and discussion
The crystal structures of the bipolar material were characterized by high-resolution synchrotron X-ray diffraction (HR-SXRD), displaying O3-type structure with high crystalline. The composition of Na0.83Ni0.40Ti0.60O2 is confirmed by Inductively Coupled Plasma Mass Sepectrometry (ICP-MS), which is closely matching the designed product. All the diffraction peaks of the bipolar material can be well indexed to rhombohedral symmetry structure with R3 � m space group (Figure 2a ). The Rietveld refinement using the structural parameters are summarized in Table S1 and S2. The calculated patterns (circles in Figure 2a ) were in good agreement with experimental data (red lines in Figure 2a ), indicative of a pure O3-type structure, isostructural with α-NaFeO2. The scanning electron microscopy (SEM) image in the inset of Figure 2a , reveals that layered Na0.8Ni0.4Ti0.6O2 samples consist of interconnected primary particles with a size of about 100-500 nm. A schematic illustration of the structure model of O3-type Na0.8Ni0.4Ti0.6O2 is presented in Figure 2b . In this model, nickel and titanium ions are accommodated in the octahedral sites of TMO2 layer (3a sites, TM = Ni and Ti), while sodium ions are located in the octahedral sites of NaO2 layer (3b sites). The detailed crystal structure is further investigated by Selected Area Electron Diffraction (SAED) techniques. The bright spots in Figure S1a and Figure 2c are indexed to the corresponding reflections originating from O3-type layered structure. Atomic-resolution investigation on the local structure of layered Na0.8Ni0.4Ti0.6O2 samples was also conducted by High-angle Annular Dark Field (HAADF) and Annular Bright Field (ABF) Scanning Transmission Electron Microscopy (STEM) techniques ( Figure. 2d and 2e ). The bright-dot contrast in the HAADF-STEM images (Figure 2d ) and the dark-dot contrast in ABF-STEM images (Figure 2e ) reveal the sodium and transition metal (Ni and Ti) atom positions, and sodium is fully overlapped by transition metal projected along [001] direction, which is consistent with O3-type layered structure. High Resolution Transmission Electron Microscope (HR-TEM) characterization further suggests the interlayer spacing about 0.555 nm of (003) fringes in O3-type Na0.8Ni0.4Ti0.6O2 ( Figure S1b ).
Electrochemical properties of O3-type Na0.8Ni0.4Ti0.6O2 as bipolar material are characterized by cyclic voltammetry (CV) and galvanostatic charge-discharge or discharge-charge test in the half cells vs. Na + /Na, shown in Figure 3 . The CV curve in the green part of Figure 3a reflects an oxidation peak at 3.7 V and a weak reduction hump at 3.5 V, attributable to the redox couples of Ni 4+ /Ni 2+ and possible phase change. Upon charging to 4 V with the initial charge capacity of 107 mAh g -1 in Figure S2a (exceeding the theoretical capacity based on Ni 3+ /Ni 2+ redox couples), the desodiated Na0.8- the proposed Ni 4+ /Ni 2+ redox mechanism. It is known that the tetravalent nickel is unstable in the cells' disassembly process or the XPS test procedure, and is easier to change and transfer, so a small number of tetravalent nickel ions are observed in our ex-situ XPS result. Accordingly, the green part of Figure 3c shows the voltage profile for the typical (second) charge-discharge cycle from 2 to 4 V vs. Na + /Na at a 0.2 C rate, demonstrating that the electrode delivers a capacity of 83 mAh g -1 . The charge-discharge curve displays a reversible, distinct plateau of 3.5 V, well agreeable with the CV curves. The cycle stability is further investigated with Na0.8Ni0.4Ti0.6O2 half cells in Figure S3 . It delivers a large reversible capacity of 63 mAh g -1 at a rate of 1C, corresponding to 76% of discharge capacity at a 0.2C rate with small polarization. Also, Na0.8Ni0.4Ti0.6O2 shows good cycle performance，and the capacity still maintains 47 mAh g -1 after 250 cycles, the corresponding capacity retention is 75%, and the Coulombic efficiency is close to 100% except for the first cycle. Compared with layered NaNiO2 with single transition metal, the multi-step character of charge and discharge profiles is clearly suppressed and even disappeared in the titanium-substituted Na0.8Ni0.4Ti0.6O2, replaced by the smooth charge-discharge profiles. 27, 41, 42 The detailed structural change with sodium extraction and insertion will be investigated in the subsequent section.
The CV curve in the brown part of Figure 3a shows the distinct redox peak about 0.7 V, which is attributed to the redox of Ti 4+ /Ti 3+ . Accordingly, the typical (second) discharge-charge profile is displayed in the brown part of Figure 3c , and the observed reversible capacity is 107 mAh g -1 , along with an obvious step around 0.7 V, which is also validated by the CV curve. The cycle stability and Coulombic efficiency are also evaluated in Figure S4 . The revesible capacity at a 1C rate can still maintains 62 mAh g -1 , and corresponds to about 58% discharge capacity of 0.2C rate. Also the capacity retention after 250 cycles is 86% and Coulombic efficiency except for initial cycles can reach nearly 100% in all the charge-discharge processes ( Figure S4 ). In contrary to layered O3-type NaTiO2, nickel-substituted Na0.8Ni0.4Ti0.6O2 shows excellent structural stability with cycling, which is expected that nickel substitution greatly improve the titanium ions stability in the transition metal layers. 39, 44 The structure stability will further be proved by the subsequent ex-situ XRD structural evolution analysis in the discharge-charge process. Figure 3b shows the schematic of electric potential for the Ni 4+ /Ni 2+ and Ti 4+ /Ti 3+ redox couples in O3-type Na0.8Ni0.4Ti0.6O2, corresponding to the average voltage of Na0.8Ni0.4Ti0.6O2/Na half cells. On the basis of their voltage difference, the average potential of this symmetric cell using the bipolar active material Na0.8Ni0.4Ti0.6O2 is predicted, shown in the inset of Figure 3c . Different from O3-type Na0.8Ni0.4Ti0.6O2, P2-type Na2/3Ni1/3Ti2/3O2 only with the cathode and anode performances in sodium half cells have been investigated. 21 And some properties are also compared in Table S3 .
In order to depress the polarization and irreversibility effect of Na0.8Ni0.4Ti0.6O2 in the first charge process (cathode side) and discharge process (anode side), the pre-desodiated and pre-sodiated Na0.8Ni0.4Ti0.6O2 are used as positive and negative electrode materials in the sodium full cells. Full batteries containing desodiated and sodiated Na0.8Ni0.4Ti0.6O2 were characterized using CV and galvanostatic cyling. Figure 4a illustrates the CV curve of the full cell with the optimized voltage range of 0.6-3.8 V. An oxidation peak with average voltage of 3.0 V and a reduction peak with average voltage of 2.8 V were observed, which is consistent with the predicted value in Figure 3c . A reversible discharge capacity of 85 mAh g -1 was obtained in the first cycle ( Figure S5 ) and subsequent cycles (Figure 4b ) at a charge-discharge rate of 0.2 C. As shown in Figure 4b , the charge-discharge profile displays symmetrical characteristic, and it is clearly seen that no obvious polarization is observed in this well-configured symmetric full cells. The rate capability is also evaluated with different charge-discharge rates of 0.2C, 0.5C and 1C in Figure 4c . The reversible capacity can be 67 mAh g -1 at a 0.5C rate, and even with the rate of 1C, the discharge capacity remains 53 mAh g -1 , approximately 62% of the reversible capacity at a 0.2C rate. With a rate of 1C, the symmetric battery offers 75% of capacity retention for extensive cycling of 150 times sodium extraction and insertion, and the corresponding Coulombic efficiency is exceeding 97% except for the initial cycle (Figure 4d) .
To understand the reaction mechanism of O3-type Na0.8Ni0.4Ti0.6O2 during sodium insertion and extraction processes, we performed the ex-situ XRD and STEM experiments in the Na0.8Ni0.4Ti0.6O2/Na half cell. Figure S6a shows the initial chargedischarge profile, in which the green points are denoted for ex-situ XRD and STEM test. It is evident that the initial phase is O3-type rhombohedral ( Figure S6b, point 1) , and the patterns of O3 layered structure broaden, weaken with desodiation and a new phase appears ( Figure S6b, point 2) .
This phase is assigned to P3-type monoclinic, [58] [59] [60] having an interlayer distance larger than that of O3-type layer structure, continues to strengthen and become the dominant after the full desodiation ( Figure S6b, point 3) . It is also validated by the intensity ratio of (104)hex and (105)hex diffraction (the intensity of the (104)hex diffraction line is stronger for O3 phase， while that of the (105)hex line is stronger for P3 layered structure) in Figure S6b . 61 In order to distinguish P3 phase from O3 phase, the expanded view of ex-situ XRD patterns is shown in Figure S6c . In the P3 phase, Na is in trigonal prismatic coordination, which is simply caused by the TMO2 δlayers with less negative charge so that the trigonal prismatic environment is favored over the octahedral one. 45, 60 On discharge, the P3-type monoclinic phase remains at the partial sodiation and mostly transforms back into the original O3type layer structure ( Figure S6c, point 5) . And the O3 structure dominates with a weak peaks belonging to P3 structure ( Figure S6c , point 5), and the schematic of the O3-P3 phase transition was shown in Figure S7 . SAED and HAADF and ABF-STEM tests projected along [1 1 � 0] direction were also conducted in the desodiated materials after charge to 4V ( Figure S6a, point 3) . Figure S6d is the corresponding SAED pattern, and bright spots are indexed to the corresponding reflection of P3 layered structure. Owing to the phase transition from O3 to P3 and structural distortion, it is difficult to detect the atom occupancies in P3 layered structure and the increased interlayer spacing of 0.566 nm corresponding to (003) fringes is observed in Figure S6e and S6f. Figure S8a displays the first discharge-charge profile in the Na0.8Ni0.4Ti0.6O2/Na half cell, in which the brown points are denoted for ex-situ XRD and STEM test. All peaks are unchanged, shift weakly with sodium insertion and extraction ( Figure S8b ), demonstrating the high structural stability during cycling. No other distinct new phase is generated during the first cycle, suggesting that this structure is flexible enough to accommodate the structural changes accompanying the extraction and insertion of the large sodium ions in a low potential area. Otherwise, the sample at discharge of 0.01 V displays the typical bright spots corresponding to the corresponding reflection originating from O3 layered structure in the SAED patterns ( Figure S8c ). HAADF and ABF-STEM images of Figure S8d and S8e suggest that the layered spacing of the (003) fringes decreases to 0.546 nm and the typical sodium and transition metal occupancies completely overlap with typical O3 structure, which further verified the structural stability in sodium extraction and insertion process.
Differential scanning calorimetry (DSC) with this bi-polar material at different conditions is conducted to investigate the thermal stability, shown in Figure S9 . The pristine Na0.8Ni0.4Ti0.6O2 shows no obvious exothermic peaks, indicating good thermal stability. And the exothermic temperatures of deeply desodiated materials (charging to 4 V as cathode) and sodiated materials (discharging to 0.01 V as anode), which are 364 °C and 345 °C respectively, appear higher than that of another layered sodium oxide. 45 The high thermal stability at deeply desodiated and sodiated conditions probably contributes to the presence of stable TiNi layers in the crystal framework of this bi-polar material.
In summary, a novel, symmetric sodium-ion battery delivers a maximum 96 Wh kg -1 based on the massed of cathode and anode materials at a 0.2C rate, as well as performing an exceeding 75% capacity retention over a hundred and fifty cycles at a 1C chargedischarge rate. These properties, together with the good rate capability, low active material cost and the recycling convenience make this unique battery system more attractive for grid-related applications. Further work on the symmetric batteries optimization by substituting nickel with other transition metal is currently under investigation.
Experimental
Material preparation. O3-type Na0.8Ni0.4Ti0.6O2 raw materials are synthesized by solidstate reaction. All solid chemical compounds were purchased from Wako Pure Chemicals Industries Ltd.. The precursors of Na2CO3, NiO and TiO2 (anatase form) are well ground in an agate mortar at a rotate rate of 200 r/min for 20 h. Owing to the sodium volatility in high temperature, an access 5 wt.% of Na2CO3 is added. The mixture is dried for 12 h at 100 °C. The obtained powders were pressed into pellets, and then the pellets were heated at 900 °C for 15 h in the Ar flow. The heated pellets were quenched to room temperature and stored in an argon-filled glove box until use. Characterizations. The HR-SXRD patterns were collected in a transmission mode at the beam line 11-BM-B of the Advanced Photon Source, Argonne National Laboratory, USA. A monochromatic X-ray beam with an energy of 30 keV (wavelength of 0.413742 Å) was used. The ex-situ XRD patterns were performed using Cu Kα radiation on a Bruker D8 Advance Diffractometer. The detailed structural information of as-prepared materials was also observed using scanning electron microscopy (SEM, TOPCON DS-720 instrument) and Cs-corrected transmission electron microscope (TEM, JEOL, JEM-2010 and JEM-2100F). The charged cathodes scratched from the electrodes of sodium half cells were subjected to XPS on a VG Theta Probe. Thermal stability was examined by differential scanning calorimetry (DSC) on EXSTAR 7000 X-DSC in a temperature range of 50-400 °C at a heating rate of 10 °C min -1 . Before DSC measurements, the cells were firstly charged to 4.0 V or discharged at 0.01 V at a current of 20 mA g -1 . After that, the cells were disassembled in an Ar filled glove box, the charged or discharged samples were collected and sealed in Al-pan for DSC measurements. Electrochemistry. The electrochemical tests of Na0.8Ni0.4Ti0.6O2/Na half cells were carried out using the CR2032 coin-type cells, consisting of a cathode and sodium metal anode separated by a glass fiber. The cathode electrodes were prepared with a weight ratio of 70% of active material, 25% of teflonized acetylene black, and 5% of polytetrafluoroethylene. Pellets for half cells were pressed in the form of aluminium screens approximately 3 mg in mass and 7 mm in diameter (the loading mass is around 1.95 mg cm -2 ), then dried under vacuum at about 110 °C for 5 h before cells assembly. The cells were assembled in a glove box filled with dried argon gas. The electrolyte was 1 mol dm -3 NaClO4 dissolved in propylene carbonate (Tomiyama Pure Chemical Industries) with 2 vol% fluorinated ethylene carbonate as an electrolyte additive. The Na0.8Ni0.4Ti0.6O2/Na half cells were cycled in the voltage range of 2-4 V for cathode performance and 0.01-2.5 V for anode performance. Prior to full cells fabrication, the pre-sodiation of Na0.8Ni0.4Ti0.6O2 anode and pre-desodiation of Na0.8Ni0.4Ti0.6O2 cathode were performed to carry out the first cycle activation. The cell balance was achieved by setting the electrode mass ratio of cathode/anode to 1.4 (the anode loading mass is around 1.95 mg cm -2 ). The full cell is then anode limited and is reassembled and cycled in the voltage of 0.6-3.8 V. 1C corresponds to 100 mA g -1 for all the cell tests.
